Embryos are double transgenic for highlighting membranes and nuclei (Tg(actb2:Hsa.H2B-tdTomato) hm25 ; hm26 ). n = 10 embryos per data point. Error bars are SD. (E) Primary y-axis plots cell numbers (N, blue markers) and secondary axis plots average cell size (s, picoliters or pl, red markers). (F) Quantification of vesicle (V o , orange markers), lumenal (V l , blue markers), and tissue volumes (V t , green markers). (G) Primary y-axis plots lumenal surface area (S l , blue markers). Secondary axis plots average cell apical surface area (y, red markers) evaluated numerically by fitting quadratic polynomials to surface area (S l ) and cell number (N) data. (H) Quantification of wall thickness (h, mm) at locations next to the hindbrain (medial, blue), ectoderm (lateral, red) , and anterioposterior poles (poles, green). Related to from 16 to 45 hpf stages can be mounted in orientations that position the inner ear closest to the cover-slip for imaging. (C) Embryos are mounted in a dorsal orientation for imaging both ears simultaneously using a 20X, 1.0 NA objective. (D) Embryos are mounted in a dorsolateral orientation for obtaining higher-quality images (otic tissue depth along the path of light is minimized) using a 40X, 1.2 NA objective. (E) Transgenic zebrafish embryos expressing bright nuclear and membrane-specific fluorescent reporters are imaged using a confocal microscope in a time-lapse mode. Embryos are hm25 ; Tg(actb2:mem-citrine) hm26 ). (F) The acquired images typically cover a field-of-view of 200Â200Â80 mm. With a sampling of 0.2 Â 0.2 Â 1.0 mm, image dimensions are 1024 Â 1024 Â 80. In timelapse experiments, images are acquired every 2 min covering a developmental time-window ranging 12-45 hpf. (G-H) Diagram illustrating the standard (G) dorsal and (H) transverse views of the otic vesicle organ as indicated by the embryonic coordinate axis. The otic vesicle (orange) is situated in between the hindbrain and ectoderm tissues. The locations of the medial, lateral, and pole cell regions is as shown. (I-L) In toto images can be automatically processed using membrane and nuclei segmentation algorithms for estimating cell numbers, cell shapes, and protein expression at a single-cell resolution. Using GoFigure2, an open-source software for visualization, editing, and integrative analysis of in toto data, the segmentation meshes and tracks can be visualized along orthogonal image planes as shown in (I) XY, (J) YZ, (K) XZ, and as (L) triplanar 3D view. (M) Organ size and shape can be semi-automatically or manually processed by placing 2D contours along image planes in the GoFigure2 software platform. The software reconstructs surfaces from contours and computes volumes and surface areas. ectoderm-vesicle interface, blue markers) and other non-contact regions (anterioposterior poles, red markers, n = 54 mitotic cells total, 5-10 embryos per timepoint, each embryo provided 0-2 mitotic events such that each datapoint represent 4-5 mitotic events, *p<1.0e-4 at 22 hpf and *p<1.0e-5 at 27 hpf, as determined by student t-test (unpaired)). Aspect ratio is measured as the ratio of apico-basal to lateral cell radii. (H) Distribution of division plane orientation relative to the lumenal surface-normal at contact and non-contact cell populations. (I) Distribution of division plane orientation for all cells across three stages 16-25, 25-35, and 35-45 hpf respectively. (J) Quantification of hindbrain deformation measured as the peak indentation depth (relative to the dashed green line segment in C-F). n = 10 embryos per data point. Error bars are SD. DOI: https://doi.org/10.7554/eLife.39596.005 (E) Calculations of diffusive mixing between endolymph and capillary filling after puncturing. Their initial ionic concentrations are C 0 and 0, respectively. The mean ionic concentration inside the vesicle C decreases over time t at a rate depending on the capillary inner diameter d. (Inset) Selected solutions are shown for d = 5, 15 mm in the first 5 min. (F) Stages in an otic vesicle pressure measurement. Upper: zooming into the first 1.5 min. I: the tip was placed near the vesicle. The hydrostatic pressure was used as the baseline. II: after puncturing, the pressure built up gradually. III: after reaching a plateau, the pressure fluctuated around a mean value. This value was taken as the measurement result. IV: Upon withdrawing the tip from the vesicle, the pressure dropped to the base line, proving that the probe had been sensing the hydrostatic pressure in the enclosed domain. DOI: https://doi.org/10.7554/eLife.39596.007 Figure 6 . Spatial patterning of material properties results in regional thinning of tissue. (A) Schematic for experimentally measuring tissue material properties (k, ). The strain of a cell (highlighted in orange) before and after puncturing ðc À aÞ is inversely proportional to the elasticity modulus k. curvature of the lumenal surface is used as a measure of the local curvature. (B) Quantification of the cell aspect ratios and mean curvature shows that cells retain their shapes independent of the location on the lumenal surface (n = 10, **p<5.0e-5). Error bars are SD. (C) For the measurement of singlecell data on shape deformations in Figure 6I , mosaically labeled cells were tracked in Tg(actb2:GFP-Hsa.UTRN) before and after puncture. Dextran TexasRed was injected into a single blastomere of 16 cell stage embryos for tracking positions of cells before and after puncture. Confocal 3D image datasets were collected before and after puncture and co-registered. The confocal micrographs show XY, YZ, XZ, and a 3D triplanar view centered on the otic vesicle of a single embryo staged at 30 hpf before (top) and after puncture (bottom). Cells positive for TexasRed fluorescence (examples shown in red, blue, and white arrows) were matched before and after puncture. For each cell, the deformation and fluorescence localization were manually measured using the GoFigure2 software. DOI: https://doi.org/10.7554/eLife.39596.015
